The effect of ML-SA1, a potent and specific TRPML1 channel agonist, on gastric secretion and subsequent impact to the gastrointestinal (GI) tract of mice was investigated.
Introduction
Gastric acid, which is secreted by the stomach, is mainly composed of hydrochloric acid and divalent ions including potassium and sodium. Current understanding has shown that it is primarily produced by the parietal cells that line the stomach, and plays an initiative role in food digestion and pathogen protection in the gastrointestinal (GI) tract (1) . Hence the lack of gastric acid production, or sometimes referred to as hypochlorhydria (achlorhydria or low stomach acid as well), would lead to malnutrition. In addition, hypochlorhydria has been implicated to be correlated with various disorders in the GI tract including pernicious anemia, Helicobacter pylori (H. pylori) infection, vipomas, hypothyroidism, and gastric cancer. The deficiency is also present in patients who have antisecretory medications, gastric bypass, and radiation to the stomach (1) (2) (3) . Currently, there is no specific treatment that targets hypochlorhydria. Instead, multiple case-dependent treatments have been used to reduce the complications of hypochlorhydria. For instance, H. pylori eradication has been instructed to patients after the infection. Increased uptake of calcium, iron, and/or vitamin D have also been suggested to hypochlorhydria patients (4) . A recent research has demonstrated that TRPML1 (also named mucolipin-1), a protein that is mutated in type-VI mucolipidosis (ML-IV), could be essential for tubulovesicles (TV) exocytosis and acid secretion in parietal cells (5) . TRPML1 is a non-selective cation channel primarily localized in the late endo-lysosome compartment (6) . It belongs to the TRP channel superfamily and is an inwardly rectified channel capable of transporting ordinary cations such as Na + , K + and Ca 2+ (7) , as well as some heavy metal ions such as Fe 2+ and Zn 2+ (8) , from the extracellular space or the lumen of the lysosome to the cytosol (9) . Many investigations have suggested that the abnormality (loss or down-regulation) of TRPML1 function could result in an accumulation of heterogeneous materials within lysosomes (10) and affect the regulation of lysosome motility, positioning and tubulation (11) . Such changes in turn are hypothesized to affect many intracellular processes including membrane trafficking, phagocytosis and vesicular fusion and fission (12) .
In this study, we aimed to investigate whether ML-SA1, a specific TRPML1 agonist (13) , could induce acid production and secretion to the stomach in a mouse model. Moreover, we also wanted to evaluate the potency of ML-SA1 and the direct consequence of its application in the GI tract in vivo.
Materials and Methods

Reagents
Dimethyl sulfoxide (DMSO, #D5879) of analytical reagent grade was obtained from Sigma-Aldrich (St Louis, MO, USA). ML-SA1 was provided by Abcam (#ab144622, UK).
Animal care
The experimental protocols and animal care and utilization were implemented on the basis of the Guide for Nationalities and the Committee of Research Facilities for Laboratory Animal Sciences, South-Central University for Nationalities, China. The Committee on the Ethics of Animal Experiments of the South-Central University for Nationalities, China (permit number: 2018-SCUEC-AEC-011) developed related protocols. A great effort in minimizing suffering contained anesthesia by CO2 before sacrifice.
Cell culture and transfection
AGS cells (#CRL-1739, ATCC) were purchased and maintained as described by the instructions. F-12K medium (30-2004, ATCC) was used for maintenance of normal culture, with fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific) being added to a final concentration of 10%. Hieff Trans liposomal transfection reagent (#40802ES02, Yeasen Inc. China) was used for transfection. pCMV-GCaMP5G plasmid (#31788) was obtained from Addgene.
Intestinal propulsion rate testing
Prior to experiment, twenty female Kunming mice (8 weeks old, 20-22 g) were acclimatized for 4 days in pathogen-free conditions. Experimental animals were maintained with basal diet. They were also kept in temperature-controlled animal room (22-25℃) with at least 4 rounds of 12 h light-dark cycle before experiments. During acute experiments, the animals were divided into two groups of 10 mice each at random. The treatment group received 150 μg/kg ML-SA1 while the control group received 150 μg/kg DMSO. Both groups received their respective drug every 12 h for 3 times by gavage. Mice were fasted overnight, and then received an oral administration of 200 μl/animal carbonic ink. Fifteen min later, animals were euthanized by cervical dislocation. The stomach and the complete intestinal tract from the pylorus to the terminal rectum were removed. The length of the whole intestinal tract and the distance of ink propulsion were measured. The percentage of blackened intestinal tracts was calculated using the following equation: intestinal propulsion rate (%) = pushing length/ total length × 100%.
Histopathological analysis of tissues
Fresh stomach and intestines tissue samples were fixed in 4% polyformaldehyde, embedded in paraffin, cut into 2 μm slices. Standard techniques were used for staining with hematoxylin and eosin (H&E) or hematoxylin alone. Histopathologic examination of the sections was conducted using a Nikon 50i light microscope (Nikon Inc.).
Immunohistochemical (IHC) analysis of tissues
The tissue sections were deparaffinized and hydrated. The sections were then immersed in 0.01 M boiling citrate buffer and were heated using a microwave oven for 5 min for antigen retrieval. Incubation with 3% hydrogen peroxide in methanol for 10 min was performed to block endogenous peroxidase activity. After blocking with 5% serum (AR1009, AR1010; Boster, China) for 1 h, the sections were incubated overnight at 4°C with primary antibodies against TRPML1 (1:200, ab28508; Abcam, UK) or COX-2 (1:100, ab23672; Abcam, UK). After incubation with IgG secondary antibodies (414341C, 414351C, Nichirei, Japan) at 37°C for 1 h, the presence of TRPML1 was detected using the DAB detection kit (425314F, Nichirei, Japan). Sections were counterstained with hematoxylin and coverslips were used for mounting.
Periodic Acid Schiff (PAS) Staining
The samples were sectioned and placed on slides, which were then deparaffinized, rehydrated, oxidized (1% periodic acid for 15 min), washed by distilled water and stained with Schiff's reagent for 30 min. Then the sections were washed with hydrochloric acid and H 2 O for 2 min and three times, followed by immersing in tap water for 5 min. Finally, the sections were counterstained with hematoxylin for 20 seconds and dehydrated.
Western blotting
After treatment, cells were lysed with RIPA protein lysis buffer (Beyotime, China) containing phosphatase inhibitor cocktail (100x) (Cwbio, China), protease inhibitor cocktail (100x) (Cwbio, China) and phenylmethylsulfonyl fluorid (Beyotime, China). The concentration of total protein was detected by the Lowry method. Equal amounts of protein were fractionated by 12.5% sodium dodecyl sulfate polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Millipore Corporation, USA). After blocked with 5% nonfat dry milk, the membranes were incubated with anti-TRPML1 antibody at 4°C overnight. To remove unbound primary antibodies, the membranes were washed 3 times for 5 mins by TBST (Tris-Buffered Saline, 0.1% Tween-20) solution and followed by exposure to secondary antibodies (1:3000, goat anti-rabbit, Abbkine, USA) for 1 h at room temperature. Finally, after wash, bands on the membranes were visualized by developer and fixing solution. The protein bands were quantified using the ImageJ software.
Fluorescent microscopy
Fluorescent signals from GCaMP5G protein were excited with a FITC filter (Ex 465-495, Dm 505, RA 512-558, Nikon) and were collected using an inverted microscope (Eclipse Ti, Nikon) with a color camera (DS-Ri2, Nikon). ImageJ (NIH) software was used to quantify and analyze the obtained signal.
Statistical analysis
All results were presented as mean ± SEM. Prism 7 were used for the storage and analysis of data. Student's t-test was performed to compare the difference of groups and the p value was indicated in the graph. Statistical differences of p < 0.05 were considered to be significant.
Results
Application of ML-SA1 reduced intestinal propulsion rate in mice.
Gavage application of TRPML1 agonist, ML-SA1 (Figure 1A , 150 μg/kg, thrice prior to the intestinal propulsion rate test) resulted in a significant decrease in the propulsion rate in mice (Figure 1C and D) , from 55.0 ± 9.0 cm in vehicle-treated group to 41.6 ± 7.5 cm in ML-SA1-treated group. This hold-back effect of ML-SA1 could normally even be greater, taking into consideration that there was only a 15-min gap between the gavage application and sacrifice of mice.
Application of ML-SA1 altered the structure in stomach and duodenum of mice.
After the above experiment, we sacrificed the animal and took the stomach and duodenum out to further characterize the changes caused by ML-SA1 to the mice. H&E staining revealed that application of 150 μg/kg ML-SA1 altered the structure of stomach pits and duodenum villi. As shown in Figure 2A , the integrity and order of the pits remained in the stomach of mice. However, more parietal cells were observed in the upper edge of pits in stomach of ML-SA1 treated mice. More importantly, the shape of parietal cells became smaller and more vacant in ML-SA1-treated mice comparing with that of vehicletreated ones, suggesting that ML-SA1 might stimulate the exocytosis process of parietal cells, resulting in increased hydrogen chloride secretion in the stomach. In addition, less goblet cells were present in the villi of duodenum after the treatment of ML-SA1 (Figure 2B) , further strengthening the notion that more protons were present in the gastric juice, since one of the functions of goblet cells is to secrete enough water and mucous to counteract the damage of low pH gastric juice to the intestine. To further confirm the observed phenomena, PAS staining was performed as shown in Figure 3A and B. We can see from the graph that the amount of goblet cells was not significantly decreased in the duodenum sections of ML-SA1-treated mice. However, the stained sizes of goblet cells were drastically reduced, suggesting that majority of intracellular contents had been secreted. This is in accordance with the former observations that the acidity of gastric juice was increased.
Application of ML-SA1 induced inflammation in the duodenum of mice.
A common consequence of gastric juice acidification is increased inflammation of duodenum. To verify whether ML-SA1 induced gastric acid secretion, COX-2, an inflammation marker and inducer, was stained and quantified in the duodenum section of mice. As demonstrated in Figure 3C and D, a heavier staining of COX-2 were observed in the duodenum sections of ML-SA1 treated mice. In addition, COX-2 expression was mostly seen in the upmost region pointing towards the lumen of duodenum, which advised that the elevation of inflammation was restricted to the inner surface intestine. 
Application of ML-SA1 increased the expression of TRPML1 in the GI tract of mice.
ML-SA1 has been used as a specific TRPML1 channel agonist. Therefore, TRPML1 levels were assayed and monitored in both the stomach and duodenum sections of the mice. We can see that the expression of TRPML1 was specific, with TRPML1 mainly being observed in the parietal cells of stomach pits and in the columnar epithelial cells of duodenum villi (Figure 4A and B) . The expression of TRPML1 was largely elevated in ML-SA1treated mice. It is also interesting to note that the pattern of TRPML1 expression was restricted as round circles inside cells, consistent with the previous observations that TRPML1 was mostly located in lysosomes and endosomes, but not on the plasma membrane of cells (10) . This piece of evidence also pointed out the specificity of TRPML1 antibody since no staining was observed in other regions of the samples. Another meaningful finding was that TRPML1 was only observed in shrunken goblet cells in the duodenum but not in goblet cells possessing a round bubble, suggesting that the elevation of TRPML1 function would indeed increase the secretion of goblet cells in the intestine. Staining of the esophagus sections was used as a demonstration of efficacy of ML-SA1 on TRPML1 channel expression ( Figure 4C) .
Application of ML-SA1 promoted TRPML1 expression and cytosolic calcium concentration in AGS cells.
AGS cells, a stomach cell line, were used to demonstrate the aforementioned effect of ML-SA1 on the stomach. Various concentrations of ML-SA1 could induce a gradient rise of TRPML1 expression, as shown in Figure 5A . GCaMP5G, an exogenously expressed calcium sensor, was transfected into AGS cells. 20 μM ML-SA1 successfully triggered an elevation of intracellular calcium concentration in AGS cells. More importantly, micro-vesicles could be seen in Figure 5B , suggesting that ML-SA1 treatment might increase the exocytosis of AGS cells. Therefore, it would not be surprising to see an increased secretion of gastric juice in the stomach of mice after the application of ML-SA1.
Discussions
In this study, we demonstrated that gavage application of ML-SA1, a specific potent agonist of TRPML1 channel, could result in the enhancement of gastric acid secretion in the stomach of mice. As mentioned, a specific treatment of hypochlorhydria is lacking currently. Our research has highlighted a potential therapeutic agent that could be used for the treatment of hypochlorhydria. However, the following points are needed to be clarified first. We focused on the effect of ML-SA1 on GI tract in this study. Figure 4 , the expression of TRPML1 channel was also elevated in the epithelia layer by the application of ML-SA1. The exact function of TRPML1 in the epithelia layer has not been established, and more investigations are needed to evaluate the safety of ML-SA1 in respect to other organs and tissues. In regards to the appropriate dosage of ML-SA1 to administer to hypochlorhydria patients, we hypothesize that 16.5 μg/kg would be a suitable dose based on the dosage given to mice. We observed that decreased pH in gastric juice caused an inflammation in the duodenum section of mice. This could be explained by the fact that normal mice were used instead of mice suffering from hypochlorhydria during the whole experiment. Therefore, efficacy and safety should be paid special attention to when ML-SA1 is introduced to mouse model of hypochlorhydria and subsequently human patients, since whether TRPML1 is still presented in the parietal cells during hypochlorhydria condition remains to be elucidated. TRPML1 channel was believed to be a widely expressed protein in all tissues and cells. However, in our experiment, we found that this is not the case. In Figure 4 , TRPML1 protein is only presented in parietal cells and columnar epithelial cells, but not in the surface mucous cells in the stomach or connective tissues in the duodenum. It could be possible that normal expression of TRPML1 is relatively low in many cell types, and therefore, IHC staining is not sensitive enough to detect it. However, it might be precisely regulated during physiological and pathological conditions, therefore application of ML-SA1 could result in an increased TRPML1 expression. Moreover, the specificity of a certain cell type towards ML-SA1 could be a sign of importance of TRPML1 function in that particular cell type. For example, the fact that ML-SA1 induced increased TRPML1 expression in parietal cells and epithelium suggests that, normal function of TRPML1 might play a role in these cells. Taken into account the fact that the application of ML-SA1 led to a loss of intracellular content rather than a loss in the number of goblet cells, we speculate that TRPML1 could be a regulator of cellular exocytosis. As shown in Figure 5 , ML-SA1 could indeed increase the expression level of TRPML1 channel, and upon its application increase cellular calcium concentration drastically.
As shown in
Considerably, activation of TRPML1 via ML-SA1 initiated the formation of micro-vesicles in AGS cells, a stomach cell type, which further strengthened the notion that TRPML1 could regulate the exocytosis process of cells. This change happened relatively fast, since vesicles could be visualized only a couple of minutes upon the application of ML-SA1. Calcium has been closely correlated with cellular trafficking including endocytosis and exocytosis (14) . As a non-selective cation channel, TRPML1 is capable of transporting calcium from intracellular organelles into the cytosol (15) . Therefore, it would not be too surprising to see an increased rate of exocytosis after the activation of TRPML1 by ML-SA1. While we only observed such phenomena in the gastric cell lines, it would also be interesting to test whether activation of TRPML1 could induce secretion in other cell types, especially in cells that intrinsically reside in endocrine tissues. Meanwhile, more investigations might be helpful to understand the detailed roles of TRPML1 during the secretion of cells.
Hypochlorhydria has been closely associated with, and has been suggested to be a hallmark symptom of gastric cancer. Currently, little is known about the causality between the two due to the lack of a specific activator of gastric juice production. Moreover, considering the recent discoveries that TRPML1 had been correlated with cancerous conditions (16) (17) (18) , and that the activation of TRPML1 could be important for eliminating H. pylori (19) , it would be plausible to further study the effect of ML-SA1 in various pathological conditions of stomach or even the GI tract. Doing so might allow us to further establish the correlations between TRPML1 and gastric cancer. In conclusion, our study provided a convincing attempt of applying ML-SA1 in animals, and pointed out a new possible research direction that TRPML1 channel could be a potential new therapeutic target in hypochlorhydria or even in the field of gastrointestinal cancer research. 
